(MRI) rating scale for the diagnosis of the parkinsonian form of MSA (MSA-P) and PSP has been recently proposed, however the diagnostic sensitivity and specificity has not yet been assessed. 12 Recently, gradient echo (GRE) 13, 14 and diffusion weighted imaging (DWI) [15] [16] [17] [18] [19] [20] [21] have held a new promise for differentiating these disorders. Diffusion weighted imaging reflects the constrained movement of water molecules associated with myelinated fiber tracts in the normal brain (water molecules move freely along the tracts with restricted movement perpendicular to the fiber tracts), the so-called anisotropy of diffusion. 22 Pathological processes that modify tissue architectural integrity, including neuronal loss and secondary astrogliosis, remove some of the restrictions to water molecule movement, thereby increasing water diffusion and increasing the apparent diffusion coefficient (ADC). Thus, depending on the distribution of neurodegeneration, ADC measurements in different regions of the brain may help in differentiating the neurodegenerative disorders. Higher ADC values have been reported in the putamen in patients with MSA-P and in the middle cerebellar peduncle in patients with the cerebellar form of MSA (MSA-C) compared to patients with PD. 15, 17, 20, 21, 23 Deposition of paramagnetic substances like iron is associated with a reduction of the T2* relaxation time producing a hypointense signal on GRE (T2*) imaging. 13, 14, 24 Histopathological studies in patients with MSA demonstrate iron deposition in the putamen. 25 Recently, T2 hypointensity in the putamen has been shown to correlate with ferritin deposition in the putamen on post-mortem studies. 26 Hypointensity of the putamen (compared to the pallidum) on GRE imaging has been demonstrated in patients with MSA-P versus those with PD. 13, 14 However, there has been a paucity of studies comparing GRE imaging in patients with MSA-P versus PD and other parkinsonian syndromes. Gradient echo and DWI have never been compared simultaneously in different parkinsonian syndromes.
We evaluated the sensitivity and specificity of a variety of radiological signs in differentiating parkinsonian syndromes using conventional MRI, GRE and DWI sequences in patients with MSA, PSP and corticobasal syndrome (CbS) compared to patients with PD and controls.
METHODS

Patient selection
Patients attending the Movement Disorders Clinic at the Toronto Western Hospital and classified as having parkinsonism, PD, MSA, PSP, or CbS/CbD who had undergone MRI of the brain at the University Health Network (UHN) hospitals in Toronto, Canada from May 2002 to February 2008 were included in the study. GRE has been part of the standard MR protocol at UHN since May 2002. Controls had a normal MRI of the brain during investigations for other neurological indications over the same period.
Charts of the patients were reviewed (by JR and PW) and clinical data was extracted from clinic visits closest to the date of the MRI. In cases where more than one MRI scan was available, the first and last MRI were included for analysis and corresponding visit notes were analyzed. Standard diagnostic criteria were applied (Appendix). [27] [28] [29] [30] [31] Some of the diagnostic criteria were modified at the outset to include patients with earlier presentations of the disease. In addition to the previously described criteria, we included patients with slowing of downward saccades, abnormalities of vertical oKN and the presence of postural instability within the first year for the diagnosis of PSP without mandating the presence of falls. 28, 29 As recommended by the Movement Disorder Society Scientific Issues Committee committee 29 we added a set of less rigid criteria in the diagnostic profile of MSA. 30 In the diagnostic criteria for CbS we dropped dementia from the exclusion criteria, recognising that patients with a clinical presentation of dementia are often found to have corticobasal degeneration on histopathology. 27 For the diagnosis of PD we used the UKPDS brain bank criteria, removing the presence of a positive family history from the exclusion criteria. 31 The clinical data was entered into an Excel database that automatically computed the clinical criteria, determining if the diagnosis was fulfilled for any of the parkinsonian syndromes. The expert diagnosis by the movement disorder specialist at the time of the clinic visit was also recorded. In patients with more than one MRI scan the clinical diagnosis at the visit corresponding to the last visit was recorded as the final diagnosis. Patients not fitting the clinical diagnostic criteria for any of the four parkinsonian syndromes were labelled as undiagnosed for the purpose of the study.
MRI protocol
Imaging was performed on 1.5T or 3T MRI systems (HD platforms GE Healthcare Milwaukee) using eight channel head coils following a uniform MRI protocol (supplementary data).
Image analysis
We excluded patients with major deviations in the protocol where more than one sequence was missing including the GRE sequence (typically when T 2 axial + GRE or ADC + GRE were missing). We included patients where one sequence was missing, but excluded them from any analysis that required the missing sequence. Peri-operative MRI's (e.g., from deep brain stimulation in PD) were excluded from the analysis to prevent unblinding of the raters. While we included patients with both 1.5T and 3T MRI scans who fit criteria, there were only four patients with 3T MRIs who fulfilled criteria, (2 PSP, 1 PD and 1 MSA-P).
Two blinded independent raters (PH and MQ) evaluated the MRI scans for all qualitative data (conventional T 1 and T 2 sequence signs (see below) and GRE hypointensity), using standard templates for each sign using examples published in the literature. The raters were blinded to the clinical data of patients and controls. Inter-and intra-rater reliability was also assessed for each of the signs randomly in a select number of patients (inter-rater: 31 scans, intra-rater: 14 scans). Pontine anteroposterior (A-P) diameter measurements and ADC measurements were performed by one unblinded rater (PW).
Putamen atrophy, slit like hyperintensity and the presence of a hot cross bun sign were rated as present unequivocally or not on T 2 axial sequences compared to standard templates. Hypointensity of the putamen on T 2 axial sequences was defined as intensity of the putamen equal to or lower than the intensity of the pallidum excluding regional signal loss in the posterior and lateral parts of the putamen; with or without a band of hyperintensity within the putamen. 32, 33 The presence of a "Hummingbird sign" was accepted if present unequivocally on T 1 mid-sagittal images. 34 The "morning glory sign" was rated as present based on clear evidence of concavity of the lateral margin of the midbrain tegmentum as reported previously. 8 Hyperintensity of the middle cerebellar peduncles (MCP) was accepted if unequivocally present on T 2 axial sequences at the thickest point along a line perpendicular to the MCP at the level of the internal auditory meatus or facial nerve. 15 Pontine A-P diameter was measured on T 1 mid-sagittal images by measuring the largest A-P diameter of the pons perpendicular to the fourth ventricle. 35 Gradient echo scans were rated using criteria described previously. 13 We considered the sign to be present when the putamen was hypointense compared to the pallidum (grades 2, and 3) 13 . Subsequently those with GRE hypointensity were blindly rated post-hoc (by DJM, AEL) to evaluate the presence of both atrophy (on T 2 and GRE) and GRE hypointensity.
For the measurement of ADC values, elliptical regions of interest (RoIs) were manually placed bilaterally in the MCPs, putamen and lateral ventricles using the axial T 2 -weighted images as guidance. The MCPs were measured at their thickest point along the line perpendicular to the MCP at the level of the internal auditory meatus and facial nerve. 15 The putamen was measured with elliptical RoIs, which were completely within the putamen (supplementary Figure 1) .
The study was approved by the research ethics board at the University Health Network. Comparisons across the study groups were performed using a series of chi-square tests, GLM tests, and t-tests unless otherwise specified. Post hoc comparisons were made using the Tukey's test for quantitative data and bonferonni adjusted pairwise comparisons for categorical data. Sensitivity and specificity for regional ADC (rADC) and pontine A-P diameter measurements was calculated using optimal cut-off values determined by receiver operating characteristics (RoC) curve analysis. For inter-rater and intrarater reliability analysis a kappa value of 0.4-.59 suggested moderate agreement, 0.6-0.79 substantial agreement and 0.8-1.0 outstanding agreement.
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RESULTS
A total of 131 patients with parkinsonism scanned from May 2002 to February 2008 and 64 controls (see supplementary data for distribution) were included for the purpose of the study (Table 1 ). In patients with more than one MRI we included the MRI at the last visit and the corresponding clinical assessment for the analysis.
Due to the heterogeneous nature of the population with parkinsonism it was not possible to have controls age and sex matched for all diseases. our controls, like the patients with MSA were younger and more likely to be female, compared to an older predominantly male population with PSP and PD. As expected, patients with PD had the longest disease duration and lower Hoehn and Yahr scores compared to those with atypical parkinsonian syndromes ( Table 1) .
Conventional T 1 and T 2 signs
Among the signs on T2-weighted MRI studying structural changes in the basal ganglia (Supplementary Table 1 , Figure 1 , a-d), atrophy of the putamen was seen more commonly in patients with MSA-P and PSP compared to patients with PD and controls. Putamen hypointensity was more common in patients with MSA-P compared to controls and patients with PD and PSP. Slit-like hyperintensity in the putamen was significantly more common in patients with MSA-P compared to those with PSP, PD and controls. Atrophy of the putamen alone lacked specificity for the diagnosis of MSA-P (Table 2) hypointensity on T 2 sequences on the other hand was specific, but lacked sensitivity in detecting MSA-P. Slit-like hyperintensity was seen in 60% of the patients with MSA-P with a good specificity ( Table 2) . We assessed two signs of changes in midbrain anatomy (Supplementary Table 1 , Figure 1 , e-h), namely the presence of the "hummingbird sign" 34 and concavity of the midbrain tegmentum, the "morning glory sign" 8 . The Hummingbird sign was more common in patients with PSP as compared to controls and those with PD, but not MSA-P. The morning glory sign was very rare; only two patients with PSP and one patient who did not fit criteria for PSP at the time of assessment (but had a clinical syndrome compatible with PSP) had concavity of the midbrain tegmentum. While both signs seem highly specific for the diagnosis of PSP, they both lack sensitivity with hummingbird sign present in less than 50% and the morning glory sign in less than 10% of the clinically diagnosed cases of PSP (Table 2) .
Among signs assessing pontine and cerebellar anatomy, the presence of the hot cross bun sign and hyperintensity of the MCP were significantly more common in patients with MSA-C compared to controls, patients with PD and PSP. The mean pontine A-P diameter was significantly lower in patients with MSA-C compared to controls and patients with PD, PSP and CbS (Supplementary Table 1, Figure 1 k-l) . both the hot cross bun sign and a low pontine A-P diameter (Figure 1 i-j) were sensitive for the diagnosis of MSA-C (Table 2) . While these signs were specific when compared to patients with other parkinsonian syndromes, we did not have patients with other degenerative or genetic ataxias for comparison making interpretation of specificity difficult.
At least moderate agreement was obtained in all signs among the two raters and also within the same rater (Supplementary  Table 2 ). Inter-rater and intra-rater agreement was less for signs involving putamen anatomy as compared to signs like the hummingbird sign and hot cross bun sign where it is easier to interpret if the sign is present or absent.
GRE scans
As seen in Table 3 , 73.3% of the patients with MSA-P had hypointensity of the putamen on GRE scans compared to the pallidum (MSA-P versus controls p < 0.0001, MSA-P versus PD p<0.0001, MSA-P vs PSP p=0.042). A post-hoc blinded analysis (by two further reviewers, DJM, AEL) was conducted in all cases with hypointensity of the putamen (compared to the pallidum) rating putamenal atrophy visually using both GRE and T 2 -weighted axial sequences (Figure 2 , Table 3 and brief case reports in Supplementary Information). The combination of putamenal atrophy and GRE hypointensity was significantly more common in patients with MSA-P compared to PD (p<0.0001), PSP (p=0.0006), and controls (p<0.0001). When atrophy and hypointensity were combined, the specificity of GRE images in diagnosing MSA-P was significantly higher than with using hypointensity alone ( Table 2) . rADC= regional apparent diffusion coefficient, GRE= Gradient echo imaging, MSA-C = Multiple system atrophy cerebellar type, MSA-P = Multiple system atrophy parkinsonian type, PSP = Progressive supranuclear palsy, MCP= Middle cerebellar peduncle. a Cut off values calculated using RoC curves to try and achieve the best specificity and sensitivity for that value. Antero-posterior gradient of hypointensity in the putamen was seen commonly among patients with both MSA-P and PSP and to a lesser extent among other groups, significantly reducing the specificity of this sign (Table 3) .
ADC maps
Comparing rADC (regional ADC) values among the regions of interest (Table 4) , patients with MSA-C had significantly higher rADC values in the MCP compared to patients with PD (p=0.013), PSP (p=0.016) and controls (p=0.014). However, rADC values in the putamen in patients with MSA-P were no different from those in patients with PD, PSP or CbS (Table 4) .
We plotted RoC curves of the rADC values assigning cut off values for the MCP (0.940 X 10 -3 mm 2 /sec) and the putamen (0.840 X 10 -3 mm 2 /sec); using these, rADC assessment in the MCP was specific for the diagnosis of MSA-C compared to the other parkinsonian groups, but lacked sensitivity ( Table 2 ). 
Predictive role of imaging in early and undiagnosed cases
Four of six cases fulfilling the criteria of MSA-P at the final visit but not at the first clinical visit (mean duration between visits was 20.5 months) had GRE hypointensity and atrophy of the putamen at the time when the clinical criteria for MSA-P were not met. The remaining two patients not showing GRE hypointensity at the first visit continued to have normal scans 20 months later. on the other hand only one of four cases having serial imaging and fulfilling criteria for MSA-P at all time points showed GRE hypointensity and atrophy on the second MRI scan not present in the first.
There were 21 cases in our study that did not fulfill our diagnostic criteria for the parkinsonian syndromes at their last visit (Supplementary Table 3 ). Four cases showed MRI signs that are seen in patients with MSA. All had a clinical syndrome which could be compatible with MSA, though they did not fulfill the prespecified clinical criteria. Two of the patients with postural instability and gait problems showed MRI signs seen in PSP, both had a clinical picture suggestive of PSP (supplementary Table 3 ).
DISCUSSION
Standard T1/T2 MRI signs
Several studies have evaluated different signs on standard T 2 -weighted MRI. Among signs evaluating patients with MSA-P, hypointenstiy of the putamen or a linear slit like hyperintensity of the putamen have been most commonly used. 10, 11, 32, 33, [37] [38] [39] [40] [41] Putamen atrophy has been evaluated accurately using volumetric MRI, however this is extremely time consuming and difficult to put into clinical practice. 7 Studies evaluating the presence of putamen atrophy in MSA based on a visual rating have found the prevalence to be highly variable from 31-100%. 11, 18, 33, 39, 42 Using templates from previous studies, we found a lack of specificity for the diagnosis of MSA-P, especially when compared to PSP (Table 2) . 11 Hypointensity of the putamen on T 2 -weighted imaging has been reported in 40-90% of MSA cases depending on patient selection (MSA-P alone or all cases with MSA) and the definition used (eg. signal intensity compared to pallidum). 10, 11, 32, 33, [37] [38] [39] [40] [41] Most of these studies reported relatively good specificity when comparing MSA to PD. The few studies that included patients with PSP, showed a lowered specificity when compared to PSP, contrary to our study. It is possible that the use of templates of putamen hypointensity on T 2 -weighted MRI, as in our study could have been responsible in improving the specificity in diagnosing MSA-P, but at the same time having a lower sensitivity.
Linear slit-like hyperintensity of the putamen was found in 60% of our MSA cases compared to 26-83% in the literature. 10, 11, 14, 18, 32, 33, 38, 39, 43, 44 In our study, largely using 1.5 T scans (only 4/195 had 3T), this sign had good specificity compared to both PD and MSA (Table 2 ). While this sign may be useful as a diagnostic tool for MRI's done on 1.5T MRI machines, we have often seen a long linear rim on the lateral margin of the putamen on T2-weighted scans done on a 3T scanner in patients with various diagnoses and a study of healthy adults showed significant false positive hyperintense putamen rims on 3T compared to 1.5T MRI scans. 45 Recently an increase in the MRI field strength resulted in a decrease in the occurrence of hyperintensity both at the dorsolateral outer putaminal margin and an increase in the occurrence of hypointensity at the dorsolateral putaminal margin in patients with MSA. 46 The hot-cross bun sign was present in 71% of patients with MSA-C in our study compared to 50-80% of the patients with MSA-C, or MSA in the literature. 39, 44, 47 It has been proposed that this sign is due to selective loss of myelinated transverse pontocerebellar fibers and neurons in the pontine raphe with preservation of the pontine tegmentum and corticospinal tracts 48 as well as gliosis of the middle part of the pontine reticular formation, and the pontocerebellar fibers. 49 While there was a good specificity for this sign in our study population, we did not include patients with spinocerebellar ataxias where the hot cross bun sign has also been reported. 50, 51 We found hyperintensity of the MCP in 43% of the patients with MSA-C; this has been reported in 21-50% of patients with MSA, 33, 38, 44 higher in studies looking only at MSA-C. 38 While the specificity of this sign was found to be good when compared to patients with parkinsonism in our study, this sign has been reported in 14% of MRIs done for tinnitus or hearing loss 52 and it has also been reported in spinocerebellar ataxias, adrenoleukodystrophy, HIv encephalopathy and Fragile X tremor ataxia syndrome. 53, 54 Pontine A-P diameter 35, 55 below 21mm had a good sensitivity and specificity for MSA-C but did not differentiate other forms of parkinsonism.
The hummingbird sign was less sensitive 56 and the morning glory sign 8 was distinctly uncommon, suggesting that it is a late sign that is of little use in the early differentiation of parkinsonian disorders. However both were specific for the diagnosis of PSP.
GRE signs
The sensitivity and specificity profile of GRE sequences in differentiating MSA from PD was similar to previous reports (35-69% and 88-89%). 13, 14, 57, 58 It has been suggested that the specificity for MSA could be improved if this sign were combined with a slit like T 2 weighted hyperintensity of the putamen.
14 Two studies evaluating putaminal hypointensity using GRE or susceptibility-weighted imaging (SWI) sequences in MSA-P included patients with PSP in their study. 59, 60 As in these studies, we found hypointensity of the putamen in some of the patients with PSP, significantly reducing the specificity of the sign (Table 2, 3) . However, we were impressed by the differences in the morphology with atrophy of the putamen in MSA-P (Figure 2 ) compared to those in PSP. blinded post-hoc analysis confirmed the presence of the combination of putamenal atrophy (T 2 and GRE) and GRE hypointensity (Table  3) with moderately good sensitivity (73%) and excellent specificity for the diagnosis of MSA-P compared with PD (specificity 98.3%), PSP (specificity 95.2%) and controls (specificity 100%).
This sign was also present in four out of six patients with MSA-P, prior to fulfilling clinical criteria, indicating that it may be a useful sign for the diagnosis of MSA-P in the early stages of the disease.
ADC maps
Most studies measuring rADC values in the putamen found a higher ADC value in patients with MSA-P as compared to PD and controls. 16, 18, 20, 23, 43, 61 When rADC values of the putamen of MSA-P and PSP were compared the results have been mixed; showing no significant difference, 17, 23 or a lower specificity. 16 As in at least one previous study, 17 we did not find higher rADC values in the putamen in patients with MSA-P. Methodological differences in slice thickness (5mm compared to 2mm in other studies) and RoI measurement (we used only a part of the putamen that included the anterior portion for analysis compared to the entire putamen or exclusively the posterior portion) make it difficult to compare the results of our retrospective evaluation with other prospective studies.
However, despite these methodological differences, we were able to reproduce the higher ADC values in the MCP in patients with MSA-C as compared to other parkinsonian syndromes reported earlier 16, 17, 61, 62 While this sign is useful when comparing patients with other parkinsonian syndromes, we did not evaluate patients with other cerebellar disorders. Higher ADC values have been described in patients with DRPLA in all cerebellar peduncles, but not in patients with late cerebellar cortical atrophy. Limitations of the study our study suffers from certain limitations. Though we tried to match the controls by age and sex it was not possible to do so for all the diseases due to the heterogeneous nature of the disorders. Most of the signs in our study however, pertained to patients with MSA where the controls were age and sex matched. Due to the retrospective nature of our study we were unable to use high resolution multidirectional DWI protocols applied in prospective trials studying diffusivity in patients in parkinsonian syndromes. 18, 20, 23 The methods of measuring RoI's were also different. These differences make it more difficult to compare our results with those from other centers, but show that DWI using routine screening MRI protocols did not adequately differentiate MSA from other disorders. Most of the scans were acquired on 1.5T MRI scanners. A prospective study using three Tesla scans would have provided a better assessment of imaging capabilities now available in most neurosciences centers. However, our study does provide useful and practical data for scans still utilized in many neurological practices. Newer comparative analyses (e.g., midbrain to pontine diameters 64 , diffusion tensor imaging 65 also need to be evaluated in similar large populations to assess their sensitivity and specificity in the diagnosis of various parkinsonian disorders. We used established clinical criteria. However in the absence of pathological confirmation, misdiagnosis in some of these cases cannot be excluded.
CONCLUSIONS
Hypointensity of the putamen on GRE is extremely valuable especially when combined with atrophy of the putamen in differentiating MSA-P from other forms of parkinsonism. This sign is quick, easy to interpret and can be assessed retrospectively on routine MRI studies.
our ADC sequence evaluation failed to show useful changes in the striatum in MSA-P. Perhaps not surprisingly, ADC and T 2 -weighted abnormalities in posterior fossa structures found in MSA-C differentiated this disorder from other forms of parkinsonism but further studies need to compare this to other degenerative and genetic cerebellar disorders. The hummingbird and morning glory signs, though not sensitive, were fairly specific for the presence of PSP. Step 
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METHODS
Controls included 21 cases who had undergone MRI scans of the brain for the complaints of headaches, 16 for transient neurological deficits including sensory and motor complaints, seven with vertigo, five with cranial nerve related symptoms including earache and vision impairment, five with history of head injuries, four with episodes of loss of consciousness, four with requests to look for space occupying lesions, and two for screening due to familial disorders. All the MRI scans had previously reported as normal.
In most cases the following sequences were acquired (in the axial plane except for the T 1 sequence): T 1 -weighted images were acquired using a conventional spin echo with the following parameters: repetition time 500 msec, echo time 8 msec, slice thickness of 5mm, slice gap of 2mm, field of view (Fov) 240mm, matrix 256 X192; T 2 -weighted images were acquired with fast spin echo (FSE) with the following parameters: repetition time 4,450 msec, echo time 90 msec, slice thickness of 5mm, slice gap of 2mm, Fov 220mm, matrix 256 X 256, echo train length of 17. FSE images were obtained using the following parameters: repetition time 10,000 msec, echo time 150 msec, inversion time 2200 msec, slice thickness of 5mm, slice gap of 2mm, Fov 220mm, matrix 256 X 192. DWI imaging was recorded using spin-echo echoplanar imaging (EPI) sequence with the following parameters: b-value of 1000 s/mm 2 , repetition time 8,000 msec, echo time 63 msec, slice thickness of 5mm, no gap, Fov 260mm, matrix 128 X 128s. GRE imaging was recorded using a gradient-echo EPI sequence 2 and the following parameters: repetition time 4,000 msec, echo time 30 msec at 1.5T 25msec at 3T, slice thickness of 5mm, no gap, Fov 240mm, matrix 256 X 384s
RESULTS
Among raters moderate agreement was found for the presence of putamen hypointensity on GRE scans, with complete agreement within the same rater when rated at different time points (supplementary Table 2 ).
Brief case reports of patients not fulfilling diagnostic criteria for MSA-P but who had putamenal atrophy and GRE hypointensity.
one undiagnosed patient (case 195) was a 66-year-old gentleman with asymmetric parkinsonism of three year duration with a poor response to L-Dopa. He had a jerky tremor, erectile dysfunction and marked constipation. He had no urinary incontinence or orthostatic symptoms. He did not fulfill criteria for MSA at the time of assessment. The second patient (case 22) was a 53-year-old lady with tremor dominant symptoms who fulfilled criteria for PD. She had been followed for four years after disease onset. Apart from a jerky tremor and some stimulus sensitive myoclonus in the fingers, there were no other atypical features. She had been on a very low dose of L-Dopa due to nausea making an assessment of her response difficult. The last patient (case 37) fulfilled the criteria for PSP. He was an 80-yearold gentleman with L-Dopa unresponsive akinetic rigid state with early falls, abnormal extraoccular movements and bulbar involvement. 
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